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Abstract 
In this paper, a method of using a root hinge drive assembly (RHDA) to control the solar array deployment is provided and a 
multi-DOF mechanism dynamic model of the system is established. In this way, the root hinge torque can be calculated itera-
tively. Then taking the predicted torque as a reference, a RHDA is designed for a large multiple-stage packaging and deployable 
solar array system. The control effect of the drive assembly is validated by ground tests. The test results indicate that the solar 
arrays can be deployed smoothly, and the deployment velocities are restricted by the drive assembly as expected. During the tests, 
the RHDA output speed and output torque are obtained. In order to examine the impact force when the yoke is lock-up with a 
hard stop, dynamics simulations are performed according to the actual behavior. The simulation result indicates that the designed 
RHDA reduces the impact force significantly and improves the lock-up reliability effectively. 
Keywords: solar array; root hinge drive assembly; multi-DOF model; dynamics simulation; reliability lock-up 
1. Introduction1   
The spacecraft primary electrical power is obtained 
from solar arrays. Multiple-panel solar arrays are 
folded during spacecraft launch and ascent. Deploy-
ment of the arrays is driven by torsion springs located 
at each of the yoke and hinge assemblies [1-2]. Transient 
impact occurs at the moment of full deployment of 
solar arrays, and it may disturb the spacecraft flight or 
even destroy the structure. To reduce the deployment 
velocity, normally, a rotary viscous damper is em-
ployed, mounting to the root hinge where the yoke is 
connected to the spacecraft [3]. For example, this 
method has been adopted on the Hubble Space Tele-
scope during Service Mission 3 [4]. The increasing elec-
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tric power requirement of the spacecraft has lead to the 
need of large area deployable solar arrays, but the im-
pact generated by components of this kind is even 
more serious. In this situation, a damper with low 
damping has no obvious effects to overcome the im-
pact; while with high damping, it cannot ensure that 
arrays are locked reliably. In order to solve this prob-
lem, a root hinge drive assembly (RHDA) is installed 
in lieu of the damper to control the velocity of the yoke 
and the solar arrays. However, few relevant studies 
have been conducted regarding the effect of the RHDA 
on solar array system. 
To synchronize the motion of the panels approxi-
mately, a synchronization system is mounted alongside 
each panel [5-6], so simplified single degree of freedom 
(DOF) models of the arrays development have been 
analyzed [7]. However, the synchronization might be 
interfered greatly due to dampers or drive assemblies 
introduced [8]. Kwak, et al. [9] addressed a multi-DOF 
free deployment model (without actuators) for dynamic 
analysis of solar arrays from the view of energy.   
This paper proposes a method to calculate the drive Open access under CC BY-NC-ND license..
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torque of the RHDA using a multi-DOF deployment 
mechanism dynamic model. Ground deployment test-
ing is performed to validate the capacity of the RHDA. 
To compare the root hinge velocities and impacts 
which are difficult to measure on the yoke lock-up 
moment, dynamics simulations taking the ground tests 
data as references are conducted. The simulation mod-
els are investigated with independent solar arrays, ar-
rays with a damper and arrays with a RHDA, respec-
tively. 
2. Dynamics Modeling of Arrays with RHDA 
For a multiple-panel solar array system using a 
RHDA, it is necessary to provide the root hinge torque 
value, an important basis for the RHDA actuator selec-
tion. Therefore, the following analysis is presented 
based on force-balance equations. 
A classic multiple-stage deployment performance 
of the solar arrays is shown in Fig. 1. 
The solar array system consists of a yoke assembly
 
Fig. 1  Multiple-stage deployment of solar arrays.
and five solar panels. During the launch phase, these 
panels are folded, as shown in Fig. 1(a). The primary 
deployment releases only panel 4 which will be locked 
after a 90° turn, as shown in Fig. 1(b). The secondary 
deployment frees the yoke and the remaining panels 
driven by torsion springs (and a RHDA). It includes 
the moving of panel 5 and panel 6 after panel 2 and 
panel 3 are fully deployed, as shown in Figs.1(c)-(f). 
Apparently, panel 5 and panel 6 have less influence on 
the RHDA. 
Therefore, the root hinge is affected by the secon-
dary deployment which can be simplified as a planar 
motion. Figure 2 shows a schematic representation 
with defined reference frames of this solar array sys- 
tem [10], assuming that yoke and all panels are rigid 
body. It can be seen as a two-dimensional description 
of Fig. 1(c).  
 
Fig. 2  Schematic representation of solar array system. 
In Fig. 2, link AB is for the yoke and point A is the 
root hinge; link BC, link CD and link DE stand for 
panel 2 (with panel 5 and panel 6 together), panel 3 
and panel 4, respectively. Frame {0} is the base frame, 
and it is affixed to the nonmoving part; Frame {1}, {2}, 
{3} and {4} are affixed to the link AB, BC, CD, DE, 
respectively. All links are homogeneous except link AB 
whose center of mass offsets e1 from point A. Other 
variables are as shown in the figure.  
Based on the Newton-Euler equations, due to no 
gravity in the space, a dynamic equation can be given 
as 
 ( ) ( , )  Ĳ M Ĭ Ĭ V Ĭ Ĭ  (1) 
where Ĳ = [Ĳ1  Ĳ2  Ĳ3  Ĳ4]T is a vector of the joint 
torque, 1 2 3 4[ ]T T T T     Ĭ T a vector of the joint ac-
celeration, M(Ĭ) a mass matrix of the solar array sys-
tem, and ( , )V Ĭ Ĭ  a vector of centrifugal and Coriolis 
terms. 
Rotation of the root hinge is controlled by the 
RHDA, so its angular velocity 1T  and angular accel-
eration 1T  are known; the torques of joint B, C and D 
(Ĳ2, Ĳ3, Ĳ4) determined by the certain torsion springs and 
the synchronization system are also known. Accelera-
tion can be solved from Eq. (1) and be written as  
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 1( )[ ( , )]  Ĭ M Ĭ Ĳ V Ĭ Ĭ  (2) 
The joint torque Ĳ1 partly depends on 2T , 3T , 4T , 
while these accelerations depend on Ĳ2, Ĳ3, Ĳ4. So both  
Eq. (1) and Eq. (2) are needed in order to get the sym-
bolical expression of the joint torque Ĳ1 and 2T , 3T , 4T . 
Then given initial conditions of the motion, joint po-
sitions and velocities starting with time t=0 can be it-
eratively computed by the following equations: 
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As shown in Fig. 1(b) and Fig. 2, the initial angular 
displacement of the joints can be written as [180°
180°90°] T, while all terminal values are 0°. Hence 
during the iterative calculation, when a joint angular 
displacement reaches 0°, the correlative updating 
process should be terminated.  
At joint B, C, D with frame {i}, torsion springs with 
torque Ĳis are used to cause motion of the solar arrays, 
and the synchronization mechanism is applied to 
bringing extra torque Ĳic[11]. Then torque Ĳi can be ex-
pressed as   
 
s c
s pre s
c c
1 1 1
c
1 1
( (0) (0) )
( (0) (0) )
( 2,3 )
i i i
i i i i
i i i i i i
i i i i i
k
k
k
i
W W W
W W T
W T T T T
T T T T
  
 
­  °  °°®   ° °°  ¯ "
 (4) 
where kis and Ĳi pre are stiffness coefficient and preload 
torque of the torsion spring located at the ith join, and 
kic is the ith relevant coefficient of the synchronization 
system. The maximum value of drag test is often used 
for the joint resistance torque which is not written in 
Eq. (4), as it can be represented only by modifying the 
value Ĳi pre instead. The RHDA torque ĲA to be solved is  
 s c1 1 1AW W W W    (5) 
According to Eq. (5), output torque of the RHDA is 
evaluated from numerical solution. It provides a rule 
for the RHDA actuator selection. We may get M(Ĭ) 
and ( , )V Ĭ Ĭ based on the iterative Newton-Euler dy-
namics algorithm. First, panel velocities and accelera-
tions are iteratively computed from yoke 1 out to panel 
4 and the Newton-Euler equations are applied to each 
panel:
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wherejˆkrepresents ˆ at the kth joint (or origin) 
with respect to frame {j}, Ȧ the panel angular velocity, 
Ȟ the panel linear velocity, mi the mass of the panel i, Ii 
the mass moment of inertia of the panel i written in the 
frame attached to the center of mass (rotation about 
axis z), F the force acting at the center of the mass and 
N the moment acting on the panel. And according to 
Fig. 2, l2=l3 =l4, e2=e3 =e4=0.5l2. 
Second, forces and torques of interaction and joint 
torques are computed recursively from panel 4 back to 
yoke 1: 
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where ifi is the force exerted on panel i, and ini the 
torque exerted on panel i. 
3. Ground Tests 
To validate function of the RHDA on the solar arrays, 
especially on the large-area solar array system, ground 
tests are conducted. The RHDA is developed for a 
large multiple-stage packaging and deployable solar 
array system designed by CAST (see Fig. 3) [12]. After 
the speed of redundant dual actuators is reduced by a 
plenary gear head, the RHDA is brought up to the re-
quired desires. The nominal continuous output torque 
is 35 Ngm with a speed of 1-3(°)/s and the maximum 
torque is 70 Ngm (see Fig. 4) [13]. 
 
Fig. 3  Solar array system designed by CAST. 
 
Fig. 4  Root hinge dive assembly. 
This solar array system has five panels, and its de-
ployment is just as described in Fig. 1. Suspension 
devices are often used in order to simulate the array 
development in a weightless condition [14-17]. Devel-
opment test rig with arrays suspended is shown in  
Fig. 5 [18]. This system consists of trolleys, rails, sus-
pension units and a fixed frame. The suspension forces 
act on the arrays mass centers to counteract the gravity. 
Sliding fiction is counteracted by an adjustable hanging 
weight. 
 
Fig. 5  Development test rig. 
Test results about the secondary deployment related 
to the root hinge are analyzed as follows. 
In the previous test without a damper or a RHDA, 
the root hinge velocity was uncontrollable. This free 
deployment took about 23 s while nearly 30 s with a 
damper. Then 59 times tests were carried out with the 
RHDA running parameters trialed. The final deploy-
ment time was between 40 s to 50 s with a stable ve-
locity and a reliable lock-up.  
Finally, the determined control method of the RHDA 
is as follows. The RHDA runs for 10° with a speed of 1 
(°)/s first, then up to 2.5 (°)/s until arrays are fully de-
ployed with a hard stop. This is because during the first 
several seconds of the deployment, the RHDA should 
limit the array velocities after pushing them to open; 
later, the RHDA outputs a faster speed to ensure that 
all arrays including the yoke are locked. Actuator speed 
and current are sampled by a control cabinet designed 
for the RHDA. The velocity is measured by an 
opto-electronic encoder and the current is obtained by 
using a current sensor. All data are recorded for further 
analysis. The output torque of the actuator is propor-
tional to the electrical current. So, with the reduction 
ratio of the plenary gear head, the RHDA output speed 
is calculated and output torque is estimated combined 
with transfer efficiency. It is unnecessary to measure 
the output torque with more accurate methods since 
great differences exist between ground and space en-
vironment.  
The RHDA lasts for 43 s in a test, and the output 
angular velocity and current are shown in Figs. 6-7. 
The current curve fluctuates heavily, and so does the 
torque curve directly transformed from it. In order to 
observe the regularity of the torque clearly, each sam-
pled current value is averaged with a few former adja-
cent values before plotted as a torque point. Then ac- 
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cording to some test records, three typical output 
torque curves of the RHDA are shown in Fig. 8.  
 
Fig. 6  Output angular velocity of RHDA. 
 
Fig. 7  Output current of RHDA. 
 
Fig. 8  RHDA output torque curves. 
It can be seen from Fig. 6 that the yoke is deployed 
smoothly, so all arrays tend to have smooth deploy- 
ment velocity due to the function of the synchroniza-
tion system; it can also be found from Fig. 8 that 
RHDA varies between pushing and pulling the yoke in 
the initial process of the deployment, and pushes the 
arrays in the remaining time. That is impossible to re-
alize with a damper. 
4. Simulations of Impact 
4.1. Simplified model  
It is difficult and pays too much to realize execution 
of impact measurements on the ground, and even so 
the measurement will still not precisely match on-orbit 
data since huge situation differences exist between 
them. So it is reasonable to estimate the impact by us-
ing simulations. Models of independent solar arrays, 
arrays with a damper and arrays with a RHDA are built 
to compare the impact behavior. 
Solar array system models are imported into AD-
AMS from having been modeled based on Solidworks. 
Number the models as shown in Fig. 3 and the mass 
variables are given in Table 1. To describe the inertia 
tensor of panel 5 and panel 6, their coordinate system 
is also defined. Z axis is parallel to the center line of 
the hinge connected to panel 2 and Y axis is perpen-
dicular to the largest plane of panel 5 (or panel 6) with 
each center of mass as origin of the coordinate. 
Table 1  Mass variables 
Item Mass /kg Ixx/(kJ·m2) Iyy/(kg·m2) Izz/(kg·m2 )
Panel 2, Panel 3 20.09 8.93 24.10 15.17 
Panel 4 15.03 6.64 17.94 11.30 
Panel 5, Panel 6 20.03 15.04 23.89 8.86 
 
In the model, the form of torsion spring torque applied 
is shown in Eq. (4) with gravity and resistance force ig-
nored for a faster calculation. So it is different from the 
ground testing, such as gravity, rail drag and deformation. 
However, the errors can be offset by adjusting the torsion 
spring parameters, in order to get a deployment time 
which is almost identical with the tests. 
The lock-up mechanism model is established as 
shown in Fig. 9 and its principle is as follows. The lock 
pin and the hinge are connected to different adjacent pan-
els. During the array deployment, the pin slides along the 
hinge’s outside surface due to the spring force. It goes 
into the groove at last and then the panels are locked 
 
Fig. 9  Lock-up mechanism model. 
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after several collisions. The damper function is also 
simulated with resistance which is proportional to the 
root hinge angular velocity. 
4.2. Analysis of simulation 
Simulation of free deployment of independent solar 
arrays is implemented, and the angular displacement 
curves for each array are shown in Fig. 10. Figure 
10(a) is about the yoke, and Figs.10(b)-(f) are about 
the array 2-6, respectively. Tup and Tdn are the angular 
displacements of panel 5 and panel 6 relative to panel 
2, respectively. 
It can be seen from Fig. 10 that the deployment time 
is fairly similar to the testing time and the synchroniza-
tion is pretty good, which indicates that the model is 
proper enough. After some necessary adjustment, 
models with a damper and with a RHDA are analyzed.  
The simulation curves of solar arrays with a damper 
are shown in Fig. 11, while with a RHDA in Fig. 12. 
The RHDA velocity curves of simulation and testing 
record are compared in Fig. 13. Figures 11(a) and 12(a) 
are curves of the yoke, and Figs.11(b)-(f) (Figs.12(b)- 
(f)) are about the arrays 2-6, respectively. 
It can be seen that the damper delay deployment time 
for several seconds while the RHDA takes 42 s. Further 
analysis is reliable because the simulation deployment 
time matches the actual perfectly. Obviously, the syn- 
chronization changes, causing different arrays lock-up 
order. Figure 14 provides a comparison of the root hinge 
angular velocity between the three different ways. The 
velocity is controlled smoothly by a RHDA, in great con-
trast with the other situations. And the impact forces are 
compared in Fig. 15. 
Some model parameters such as stiffness coefficient 
have much to do with the impact value. But the pro-
portional relationship keeps constant between the im-
pact force modulus in different cases. Assume that im-
pact force of the free deployment is a, and Fig. 15 
shows their relationship. The simulation results indi-
cate that the impact decreases significantly by using a 
RHDA. 
Interestingly, slight differences in applying the 
model parameter values can play a large factor in the 
simulation. Figure 16 shows the yoke angular dis-
placement and angular velocity curves after the free 
deployment model being changed slightly. 
The curves in Fig. 16(a) and Fig. 11(a), Fig. 16(b) 
and Fig. 14 (dot line) are very close, but the impact 
force of the changed model reduces by more than 90. 
The reason is that the arrays’ lock-up order is disturbed 
due to the changes. Hence, inertial forces are counter-
acted partially by each other. Without active drive, the 
reliability of the lock-up device becomes lower be-
cause of lacking of enough impact. Furthermore, con-
sidering the huge differences between ground and 
on-orbit environment, it is more difficult to determine 
suitable design values. Therefore, by contrast, the  
 
Fig. 10  Angular displacement curves (free deployment). 
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Fig. 11  Angular displacement curves (with a damper). 
 
Fig. 12  Angular displacement curves (with the RHDA). 
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Fig. 13  Comparison of angular velocity curves. 
 
Fig. 14  Comparison of root hinge angular velocities (three 
different ways). 
 
Fig. 15  Comparison of impact forces. 
 
Fig. 16  Curves of free deployment model changed slightly. 
method of using a RHDA to control the deployment 
velocity actively yields a higher reliability. 
5. Conclusions 
1) The synchronization and the lock-up order of so-
lar array system are likely to change by using a RHDA, 
so a multi-DOF model instead of single DOF should be 
considered to analyze the arrays deployment. 
2) In order to provide a rule for the RHDA actuator 
selection, the required torque has been estimated by 
using the Newton-Euler equations. Furthermore, the 
presented method has been verified by the tests. 
3) Ground tests are conducted to validate the 
RHDA’s capacity of controlling deployment velocity 
and improving lock-up probability. And according to 
the tests, deployment time, root hinge velocity and the 
RHDA torque are given. 
4) Simulation results indicate that the RHDA has 
reduced the impact force greatly. Meanwhile, the re-
sults have shown that the solar array system is sensitive 
to some parameters, which causes the reliability of 
lock-up device dropping sharply without active drive. 
So the locking performance of the system can be im-
proved obviously by using a RHDA. 
References 
[1] Renshall J T, Marks G W. The AstroEdge solar array 
for the NASA small spacecraft technology initiative 
“Clark” satellite. Conference Record of the 25th IEEE 
Photovoltaic Specialists Conference. 1996; 271-276. 
[2] Zuckermandel J W, Enger S, Gupta N. Design, build, 
and testing of TacSat thin film solar arrays. AIAA- 
2006-4198, 2006. 
[3] Jones P A, Spence B R. Spacecraft solar array technol-
ogy trends. Aerospace Conference Proceedings, 1998 
IEEE. 1998; 141-152. 
[4] Maly J R, Pendleton S C, Salmanoff J, et al. Hubble 
space telescope solar array damper. Smart Structures 
and Materials 1999: Passive Damping and Isolation. 
1999; 3672: 186-197. 
[5] Fiore J, Kramer R, Larkin P, et al. Mechanical design 
and verification of the TOPEX / Poseidon deployment 
solar array. AIAA-1994-1323-CP, 1994. 
[6] Kumar P, Pellegrino S. Deployment and retraction of 
cable-driven rigid solar array. AIAA-1995-1367-CP, 
1995. 
[7] Chen L M. Analysis of solar arrays secondary deploy-
ment motion. Spacecraft Engineering 2001; 10(3): 
19-23. [in Chinese] 
[8] Chen T Z, Pu H L, Wang X, et al. Analysis of damper 
effect on solar array deployment. Chinese Space Me-
chanical Engineering Technology Forum. 2011; 
383-387. [in Chinese] 
[9] Kwak M K, Heo S, Kim H B. Dynamics of satellite 
with deployable rigid solar arrays. Multibody System 
Dynamics 2008; 20(3): 271-286. 
[10] Craig J J. Introduction to robotics: mechanics and con-
trol. 3rd ed. New Jersey: Prentice Hall, 2005. 
[11] Li W T. The design and analysis of close cable loop of 
solar array. Chinese Space Science and Technology 
2005; 26(2): 52-57. [in Chinese] 
[12] Pu H L, Yang Q L, Shang H J, et al. Trends in solar 
array technology development. Chinese Space Me-
chanical Engineering Technology Forum. 2011; 
428-432. [in Chinese] 
[13] Li X, Ding X L, Xu K. Reliability design and analysis 
· 284 · DING Xilun et al. / Chinese Journal of Aeronautics 25(2012)276-284 No.2 
 
of solar array base hinge drive assembly. International 
Conference on Mechanism and Machine Science. 2010; 
141-145. 
[14] Calassa M C, Kackley R. Solar array deployment 
mechanism. The 29th Aerospace Mechanisms Sympo-
sium. 1995; 79-93. 
[15] Campbell D, Barrett R, Lake M S, et al. Development 
of a novel, passively deployed solar array. AIAA-2006- 
2080, 2006. 
[16] Ren S Z, Liu L P. Influence of the zero-gravity test 
facility on the solar array’s deployment test. Spacecraft 
Engineering 2008; 17(6): 73-78. [in Chinese] 
[17] Jorgensen J R, Louis E L, Hinkle J D, et al. Dynamics 
of an elastically deployable solar array: ground test 
model validation. AIAA-2005-1942, 2005. 
[18] Scherpen J M A, Kerk B, Klaassens J B, et al. Nonlin- 
ear control for magnetic bearings in deployment test rigs: 
simulation and experimental results. IEEE Conference on 
Decision and Control. 1998; 2613-2618. 
Biography:  
DING Xilun  received Ph.D. degree from Harbin Institute 
of Technology in 1997. Now he is a professor in school of 
Mechanical Engineering and Automation, Beihang Univer-
sity.His main research interest is focused on mechanisms and 
robotics, including dynamics of compliant mechanisms and 
robots, design theory of reconfigurable robots, cooperative 
control of dual redundant manipulators with multi-fingered 
hand systems, and space robotics. 
E-mail: xlding@buaa.edu.cn 
 
